The impact of global warming on the aridity in South America (SA) is investigated. For this purpose, the methodology for generating surrogate climate-change scenarios with a RCM is employed. For the present climate (CTRL) the RCM is initialized with and driven by ECMWF/ERA-Interim reanalysis data. Two aridity indices are used: the Budyko and the UNEP indices. The results for the CTR are in agreement with other model studies which indicate future warming; rainfall increases in southeastern South America, Ecuador and Peru and decreases in the central and eastern Amazon. In general the model reproduces the aridity in the continent compared with the observed data for both indices. The distribution of aridity over SA in surrogate climate-change scenario shows an increase of the dryness in the continent. Over Amazonia the aridity increases 23.9% (for the UNEP index) and 3.1% (for the Budyko index), suggesting that portions of the Amazonia forest are replaced by dry land area. The semi-arid zone over northeast Brazil expands westward, attaining the interior of north Brazil. In this region the aridity increases 20% (for the UNEP index) and 0.6% (for the Budyko index) indicating that areas of humid regime may be occupied by areas with dry land regime. The RCM was also integrated driven by the AOGCM ECHAM5/MPI-OM for the reference climate (CTRL2) and under A1B SRES scenario. The results for the present-day climate are similar in CTRL2 and CTRL, and are in agreement with CRU data. The distribution of the aridity for the present climate seems to be better represented in CTRL using both Budyko and UNEP indices. The changes in aridity (future climate minus control) are higher in the run forced by the A1B SRES scenario. Although the UNEP and Budyko indices show potentialities and limitations to represent the aridity distribution over SA, the changes in aridity due to a pseudo-scenario of global warming are higher using the UNEP index.
Introduction
Most of the environmental warming observed in the last decades can be attributed to the increase of anthropogenic greenhouse gases concentration. Projections of future climate change from forcing SRES scenarios using several Atmospheric-Ocean General Circulation Models (AOGCMs) indicate an increase of mean global temperature by about 2˚C to 5.8˚C by 2100, as reported by the IPCC Fourth Assessment (AR4). The estimates given by IPCC AR4 suggest that climate change, in particular the increase of temperature, is affecting adversely the ecosystems. Projections of future climate using different AOGCMs indicate that the distribution of the biomes over the entire earth can be modified in future due to global warming leading in general to an increase of the aridity. Expansion of subtropical desert and semi-desert zones in the Northern and Southern Hemispheres and a reduction of the tropical rainforest and boreal forest can occur due to the increase of the greenhouse gases concentration [1] . Recently, [2] using a simple mechanistic model showed that associated to the warmer climate an increase of the drying of land regions may occur over the entire globe in future.
Particularly over Brazil, significant portions of the Amazon forest may be replaced by non-forested areas [3] - [5] . A review of several studies devoted to understanding the risk, process and dynamics of potential Amazon dieback and its implications was given in [6] . In the semi-arid region of Northeast Brazil, the warmer and drier scenarios projected by the IPCC models indicate an increase of the aridity in the region, with negative consequences for the Caatinga biome where large areas have been altered by human activities. Thus, the estimates of future climate suggest a savannization of parts of Amazon and desertification of the semi-arid area of Northeast Brazil, with potential adverse impacts on the rich species diversity in the former region and water resources in the latter.
Most of the studies of the impact of global warming on the biomes over South America are made using AOGCM [3] - [5] , Regional Climate Models (RCM) [7] and Potential Vegetation Models (PVM) [8] [9] driving by IPCC scenarios for future climate change. In the present paper, it investigated the feasibility of using a methodology for generating surrogate climate-change scenarios with a RCM [10] to study the impact of global warming on the changes in the aridity in South America, particularly in Brazil. The methodology for generating surrogate climate-change scenarios is dynamically consistent and easy to incorporate in a RCM. It allows us to examine certain processes in isolation [10] - [13] . The model experiment will be designed to explore the response within South America to a pseudo-global warming with an accompanying increase in atmospheric water vapor content. Two aridity indices are used: the Budyko radiative dryness index [14] and the UNEP aridity index [15] . Section 2 gives a short description of the RCM, the methodology employed and the experiment design; the model simulations are presented in Section 3 and Section 4 contains the summary and conclusions.
The Model and Experiment Design
1) The Regional Climate Model The model ICTP RegCM4 [16] is the version 4 of the regional climate model (RegCM) originally developed at the National Center for Atmospheric Research (NCAR) [17] - [19] . The dynamic component of the model is based on the NCAR Pennsylvania State University (MM5) [20] . For application to climate studies, a number of physical parameterizations were incorporated in the model. More details about the model are given in [16] . In the present study modified parameters of BATS land-surface model for vegetation type 6 (tropical rain forest) are used to reduce the rainfall dry bias over tropical South America, as reported in earlier RegCM versions [21] .
2) Experiment design The model domain covers all South America (see Figure 1) , following the CORDEX, an international effort to downscale climate projections over the world using RCMs [22] . It is centered at 22˚S, 59˚W, and contains 202EW × 192NS grid points, with a horizontal grid spacing of 50 km over a rotated Mercator projection. Ten-yr simulations were performed (after discarding a 1 yr spin-up period), extending from 1 January of 1990 to 31 December of 1999. The control run (CTRL) is initialized with and driven by ECMWF/ERA-Interim reanalysis data [23] , while the sensitivity experiment (SURROGATE) is forced by a modified set of initial and boundary conditions. The surrogate climate-change scenario follows the methodology proposed by [10] . It consists of a uniform 3 K temperature increase with correspondent increase in specific humidity. The relative humidity is left unchanged resulting in an increased flux of water vapor at the boundaries. In this scenario, the ERA-Interim dataset of temperature is increased by 3 K consistently throughout the atmospheric column, and the sea surface temperature OISST dataset [24] are warmed by 3 K. The atmospheric greenhouse gases concentration of the sensitivity experiment is set to two times its present-day values. A global mean equilibrium surface temperature increase of 3 K corresponds approximately to a CO 2 equivalent concentration of 710 ppm [25] .
Although the methodology for generating a surrogate climate change scenario is dynamically consistent and easy to incorporate in a RCM, the surrogate climate change scenario is only an idealized experiment and not a real climate change experiment [13] . In this kind of experiment the response to a combination of a horizontally uniform thermodynamic modification of the initial and external fields plus an unmodified external flow evolution is studied. Otherwise a real climate change would be accompanied by changes in the planetary and synoptic-scale circulation.
The distribution of the aridity over South America is made using the radiative dryness index of Budyko [14] and the UNEP aridity index [15] . The Budyko index has been used in many studies of land-surface effects, climate change and biogeography [26] - [28] and many others. The UNEP index was adopted by UNEP to produce a dryness map (UNEP 1992). The Budyko index, AI B , is defined as AI B = R/(LP), where R is the mean annual net radiation; P, the mean annual precipitation and L is the latent heat of evaporation. Thresholds for different climate regimes are defined as: 0 < AI B ≤ 1 = humid (surplus moisture regime; steppe to forest vegetation) 1 < AI B ≤ 2 = semi-humid (moderately insufficient moisture; savanna) 2 < AI B ≤ 3 = semi-arid (insufficient moisture; semi-desert) AI B > 3 = arid (very insufficient moisture; desert)
The UNEP index, AI U , is defined by AI U = P/PET, where P is the annual precipitation and PET is the annual potential evapotranspiration. P is provided by the model while PET is calculated using the formula of [29] . Thresholds for different climate regimes are:
AI U ≥ 1 = humid regime 0.65 ≤ AI U < 1 = dry land 0.50 ≤ AI U < 0.65 = dry sub-humid regime 0.20 ≤ AI U < 0.50 = semi-arid regime 0.05 ≤ AI U < 0.20 = arid regime AI U < 0.05 = hyper-arid regime Net radiation from satellite-based observations calculated in the Global Energy and Water Cycle Experiment (GEWEX) Surface Radiation Budget (SRB) program [30] and precipitation and air temperature from Climate Research Unit (CRU) [31] dataset were used to calculate the observed Budyko and UNEP indices.
Results
In this section the modeled values of the CTRL are compared with the CRU data and are also compared to SURROGATE experiment.
1) Present-day climate
The model simulates well the general observed pattern of mean annual surface air temperature. The large warm bias occurs in the Amazon region and Argentina (around +1˚C) while a colder bias is simulated over the south and southeast Brazil (around −1.5˚C) and in the south, southwest and west coast of South America (around −2˚C) (Figure 2(f) ). The pattern of temperature is somewhat similar for the austral summer. However, the re- gion of warmer bias over Amazon and Argentina has a wider area and a higher value in summer compared with annual mean (around 2˚C) (Figure 2(d) ). In the austral winter the modeled temperatures are colder (−1.5˚C to −2˚C) than CRU data over most of South America except in some parts of the north and center-west regions where they are warmer (around +2˚C) (Figure 2(e) ).
The observed precipitation pattern is reproduced by the model over most of the domain (Figures 3(a) -(f)). During austral summer (DJF), the RCM exhibits behavior in the depiction of the South Atlantic Convergence Zone, the relative abundant rainfall in the southern Brazil, western Amazon, and in the west coast of Peru-Ecuador. In austral winter (JJA), the model simulated the northward position of the ITCZ, and rainfall over Colombia and Southern Brazil. In the annual case, the simulated values are also in good agreement with the CRU data, although they are overestimated (around +1.5 mm•day ) over the north and south regions of Brazil (Figure 3(f) ). 2) Surrogate climate-change scenario The field of surface air temperature in a surrogate climate change scenario and the difference relative to con- trol experiment for DJF, JJA and the mean annual are shown in Figures 4(a)-(f) . In the austral summer the pseudo-warming scenario shows an increase of temperature (>4˚C) in the northern Brazil, northwestern and southwestern South America. Some areas over the northern Brazil, particularly over Amazon, show an increase of temperature higher than 4.5˚C. The change in temperature for the mean annual presents similar pattern as that in the austral summer. However, the regions with increase of temperature have smaller areas compared with the austral summer, mainly in the northern Brazil and the changes are lower (<4˚C). In the austral winter the region of increase of temperature is shifted from the northern to the central Brazil while the other region in the southwestern South America remains almost the same as in the case of the austral summer and the mean annual. The increase of temperature is in general lower than 4˚C in these regions. Figures 5(a)-(f) show the field of precipitation in a surrogate climate change scenario for DJF, JJA and the mean annual and the its difference relative to the control experiment. On the annual basis the pseudo-warming scenario shows an increase of precipitation in the center-west and southeast region of Brazil, north of Bolivia, Ecuador and Peru and a decrease of precipitation in the North Brazil and Amazon region. In the northeast Brazil the simulation shows an increase of precipitation in most of the region although a decrease of rainfall in some parts (mainly in the east) is noted. The distribution pattern of precipitation is similar in the austral summer while in the austral winter there is no clear sign of the change in precipitation over almost the entire continent, except over Amazon where the precipitation is increased. These results are in general agreement with previous experiments on dynamic downscaling of future climate change scenarios performed in various regions of South America, for the Intergovernmental Panel on Climate Change (IPCC) Special Report Emission Scenarios (SRES) A2 and B2 [32] - [34] and are consistent with projections from IPCC AR4 AOGCMs [35] , which indicate future warming, rainfall increases in southeastern South America, Ecuador and Peru and decreases in the central and eastern Amazon. However, the present RCM shows an increase of rainfall in most of northeast Brazil although a reduction in some parts (mainly in the east) is noted so that the change in precipitation averaged over the entire area of northeast Brazil is positive ( Table 1) . The increase of rainfall in northeast Brazil in the model simulation is due to the moisture convergence in the Atlantic Ocean near the region and the consequent advection of humidity by trade winds towards northeast Brazil (Figure 6 ). This occurs because the methodology for generating surrogate climate-change scenarios with a regional climate model [10] produces a pseudo-global warming scenario with an accompanying increase in atmospheric water vapor content. In the present simulation this increase of water vapor content also occurs in the adjacent ocean which causes moisture convergence and increase of rainfall over the northeast Brazil, mostly in the interior and coastal regions. Other experiments using this methodology were performed for mid-latitude regions and the model domain also include ocean with similar results [11] - [13] . However, since these experiments were performed for mid-latitudes the heating is not as strong as in tropical regions.
3) Impact on the distribution of the aridity over South America The distribution of aridity over South America using the radiative dryness index of Budyko for the present climate, SRB/CRU dataset, surrogate climate change scenario and the difference (SURROGATE experiment minus present time) are shown in Figures 7(a)-(d), respectively. Comparing Figures 7(a)-(b) it is noted that the aridity distribution in CTRL experiment using Budyko index is in a general good agreement with that in the SRB/CRU data. The areas with surplus moisture regime in the Amazon region and center of Brazil, the semihumid areas in the interior northeast Brazil and bellow 20˚S, the arid and semi-arid regions in the northeast Brazil and the west coast of South America and the semi-humid areas over Argentina are reproduced by the model. However, some differences are noted. The semiarid and arid zones in the west coast of the continent have a small area compared with the SRB/CRU data. Also, the arid zone in the southern South America is not simulated by the model. The zone of semi-humid and semi-arid region in the east of Brazil is shifted southwards in the SRB/CRU data while in the CTRL it is expanded towards the interior of the continent.
As shown in Figures 7(c)-(d) , in the surrogate climate change scenario the aridity increases in the continent except in the east coast, center and southeast Brazil and the south of the continent. The increase of aridity is higher in the north Brazil and Amazon, where areas with humid regime are replaced by semi-humid regime, and in Argentina and the east coast of South America, where areas with moderately insufficient moisture regime are substituted by insufficient moisture and very insufficient moisture regimes. Although in the east coast of Brazil there is a decrease of aridity, in the extreme north-northeast coast and in the northwest of northeast Brazil the aridity increases. Table 2 shows that the change in AI B averaged over the entire region is +0.03 and +0.01 in Amazon and north region of Brazil indicating an increase of 3.1% and 0.6% in the aridity relative to the control, respectively. This suggests that areas of forest may be replaced by savanna (semi-humid regime). The change in the aridity is also high in the south Brazil (∆AI B = 0.06) showing an increase of 4.6%. In the center-west and southeast regions of Brazil the change in AI B indicates, respectively, a decrease of 12.3% and 16.9% in the aridity in these areas. In the northeast Brazil the change in AI B is −0.89 suggesting that the aridity is decreased in 28.8% relative to the CTRL in this area. As commented earlier, the CTRL simulates an incorrect increase of precipitation in this region which leads to lower values of AI B and consequently and increase of the humid regime.
The distribution of the aridity over South America using the UNEP aridity index for the present climate, CRU dataset, surrogate climate change scenario and the difference (SURROGATE experiment minus present time) are shown in Figures 8(a)-(d) , respectively. The CTRL reproduces the humid regime in the Amazon region, central, southeast and south Brazil and the dry land, dry sub-humid and semi-arid regimes in the northeast Brazil. Also, the region of dry land and dry sub-humid regimes in Argentina is represented by the CTRL. However, the semi-arid zone in northeast Brazil is more prolonged southward in the CRU data than in the CTRL simulation and the region of dry land and dry sub-humid regimes in Argentina has a small area compared with the CRU data. The regions of arid regimes in the west coast of South America are well simulated by the CTRL while the semi-arid areas in the south of the continent are replaced by humid regime in the CTRL simulation. As in the case of Budyko index, the distribution of aridity over South America in the SURROGATE experiment using UNEP index shows an increase of the aridity in the continent (Figures 8(c)-(d) ). The dry land zone in the northeast of Brazil is wider and reaches the Amazon and the north region of Brazil. Areas with semi-arid and dry sub-humid regimes substitute areas of dry land regime in Argentina. On the other side, the wetness increases in the south of South America, in some parts of the center of Brazil and along the east coast of the continent.
The changes in the UNEP aridity index averaged over each of the regions of Brazil which are indicated in Figure 1 show an increase of the aridity as response on a pseudo-global warming scenario in all the regions, except in the northeast region ( Table 3 ). The highest decrease in AI U (highest increase of the aridity) occurs in the north region, particularly in the Amazon region (∆AI U = −0.46). This indicates that the aridity increases 23.9% relative to the control in the region, suggesting that the Amazon forest may be replaced by non-forested areas. In the north region the mean ∆AI U = −0.31 which implies in an increase of 20% in the aridity, indicating that areas of humid regime may be occupied by areas with dry land regime. In the south and southeast regions the mean ∆AI U are −0.32 and −0.07, respectively, which signify a reduction of 19.2% and 3.4% in the aridity in the areas of humid regime in these regions. Although in some parts of the center of Brazil the wetness increases (Figure 8(c) ) the change in the averaged AI U over the entire center-west region is −0.1, showing an increase of the aridity of 6.5%. The aridity decreases in the northeast Brazil (∆AI U = 0.02). This is due to the false increase in the precipitation in this region, as occurred in the case of the Budyko index. However, in some parts of northeast Brazil, such as the northwest and the extreme northeast coast the aridity increases, as shown in Since the pseudo-global warming scenario doesn't consider the dynamic effects associated with the climate changes, it is important to compare the SURROGATE experiment with a run with a more complete scenario. This allows us to verify the differences of a more local/direct climate change impact (with the surrogate climate scenario) and the impacts considering the global circulation and large-scale forcing from GCMs. For this purpose the RegCM4 was integrated driven by the AOGCM ECHAM5/MPI-OM for the reference climate (1989-1999) (named CTRL2) and under A1B SRES scenario (2089-2099). The ECHAM5/MPI-OM [36] is one of the most successful models to simulate the tropical climate in an intercomparison of AOGCMs participating in the IPCC AR4 [25] [37] . The IPCC A1B SRES represents an intermediate emission (stabilization) scenario for future climate projections [38] .
The results for the present-day climate are similar in CTRL2 and CTRL, and are in agreement with CRU data (figure not shown). Comparing Figure 7 (b) and Figure 9 (a) it can be seen that the distribution of the aridity in CTRL and CTRL2 using Budyko index shows some differences in most of South America. For example, in northeast Brazil there is a zone of humid regime in CTRL2 while semi-arid and arid zones appear in CTRL. Also, in CTRL the region of humid regime is located towards the northwestern South America while it is in the center-west of the continent in CTRL2. In the case of UNEP index, again areas of humid regime are present in northeast Brazil in CTRL2 (Figure 9(d) ) while in CTRL there are areas of dry land, dry sub-humid and semi- arid regimes (Figure 8(b) ). Thus, the distribution of the aridity for then present climate seems to be better represented in CTRL using both Budyko and UNEP indices. The main difference between the results of the run with surrogate climate (Figure 7(c) and Figure 8(c) ) and those of the run forced by A1B SRES scenario occurs in the northeast Brazil and Amazon. Although the dry land zone in the northeast of Brazil is wider and reaches the Amazon in the surrogate experiment, in the run forced by A1B SRES it is located in Amazon and not in northeast Brazil (Figures 9(b)-(e) ). However, the run forced by A1B SRES scenario shows a decrease of precipitation over northeast of Brazil, which is opposite to what is found in the SURROGATE experiment. This can be due to the fact that the methodology for generating surrogate climate-change scenario produces a pseudoglobal warming scenario with an accompanying increase in atmospheric water vapor content which favors a wetter regime in the region, as commented earlier. The results of the run forced by A1B SRES scenario show that there is a general increase of the aridity in the continent (Figures 9(c)-(f) ), as in the case of the SURROGATE experiment (Figure 7(d) and Figure 8(d) ). Also, like in the surrogate climate-change experiment the changes in AI U are higher than in AI B (Table 4) . However, a higher increase of aridity is noted in A1B SRES experiment, mainly in the case of the UNEP index (Figure 9(f) ). The values of AI B and AI U in the run forced by A1B SRES ( Table 4 ) are higher compared with those in the surrogate scenario experiment ( Table 2 and Table 3) showing that the changes in aridity (future climate minus control) are higher in the run forced by the A1B SRES scenario. The reason for the higher changes in AI U compared to AI B may be due to fact that AI U depends on potential evapotranspiration which is derived from the air surface temperature. An increment of the air surface temperature caused by the surrogate climate change scenario may provoke a large change compared to the control. Also, monthly mean temperatures are considered so that situations such as warmer summer and winter may increase the potential evapotranspiration. In other hand, AI B depends on the annual net surface radiation so that the changes are lower. In spite of the differences, the methodology for generating surrogate climate scenario seems to be useful to study the distribution of the aridity in South America since it is capable for reproducing the overall behaviour of the changes in the aridity in the continent associated with global warming in future climate.
Summary and Conclusions
The impact of pseudo-global warming on the distribution of the aridity over South America is investigated. For this purpose the methodology for generating surrogate climate-change scenarios with a regional climate model is employed. Two aridity indices are used: the dryness index of Budyko and the UNEP aridity index. The results are in agreement and consistent with other RCM and AOGCM studies for future climate in South America which indicate future warming; rainfall increases in southeastern South America, Ecuador and Peru and decreases in the central and eastern Amazon. In general the distribution of aridity for the present climate simulated by the model is in agreement with observations. For both the Budyko and UNEP indices, the model reproduces the humid and semi-arid zones in the Amazon region and northeast Brazil, respectively, and arid zones of the west coast and southern South America. However, the semi-arid region in the northeast Brazil is shifted southwards in the observed data while in the model it is expanded towards the interior of the continent.
The distribution of the aridity over South America in surrogate climate change scenario shows a general increase of the aridity in the continent using both Budyko and UNEP indices, except in the center and the east coast Brazil and in the south of the continent. Particularly, over Amazon there is an increase of the aridity of 23.9% (UNEP index) and 3.1% (Budyko index) relative to the control, suggesting that portions of the Amazon forest may be substituted by non-forest areas. In northeast Brazil, the semi-arid zone is wide and reaches the interior of the north Brazil. In this region, the UNEP index indicates an increase of 20% in the aridity while the Budyko index shows an increase of 0.6% relative to the control, suggesting that areas of humid regime may be occupied by areas with dry land regime. In summary, the methodology for generating surrogate climate-change scenarios with a regional climate model seems to be a useful tool for studying the future changes in the aridity over South America. The use of the UNEP aridity index and the Budyko radiative dryness index shows potentialities and limitations to represent the aridity distribution for the present climate and surrogate climate scenario. Although the impact on the aridity distribution due to a pseudo-global warming scenario are almost similar using Budyko and UNEP indices, the changes are higher in the case of the UNEP index.
